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© The apparatus for cyclically actuating an ac- 
tuation member has a hollow shaft (12) rotatable 
about an axis (14) of rotation and having a cam 
opening (34) therethrough, an inner shaft (16) 
rotatably carried within the hollow shaft, cam lobe 
members (36 and 28), respectively fixed to the hol- 
low shaft (12) adjacent the cam opening (34) and to 
the inner shaft and projecting through the cam open- 
ing (34). A variable transmission (38) has a reference 
element (40, 42) connected to one of the shafts (12), 
an output element (52, 54) connected to the other of 
W the shafts (16), and an input element (58); a pulley 
^ wheel (50) is connected to the shafts for rotating 
O same about the axis (14), and an electric motor (72) 
<0 is drivingly connected to the input element (58), and 
" is controlled by an electronic control unit (84) which 
CO can include one or more microprocessor units. The 
apparatus can be utilized to actuate and deactuate 
one or both of the intake valve and exhaust valve of 
O an internal combustion engine. 

A method of attaining a desired engine perfor- 
UJ mance comprises the steps of changing the angular 
position of a variable camlobe (or cam) member (28) 
relative to a fixed camlobe (or cam) member (36) 



from a first angular position to a second angular 
position, by a movement of the former in a predeter- 
mined direction relative to the direction of rotation of 
a camshaft. The predetermined direction and the 
magnitude of the angular movement of the variable 
camlobe (or cam) member (28) is dependent at least 
in part upon at least one desired operating condition 
of the engine. Both camlobe (or cam) members (28, 
36) may be moved relative to a reference point of a 
drive pulley. 

A method is provided for reducing pumping 
losses in an internal combustion engine, comprising 
the steps of inducting a charge of fluid into the 
engine's combustion chamber, holding the intake 
valve of the combustion chamber open during a 
portion of the compression stroke of the piston in the 
combustion chamber, expelling a portion of the in- 
ducted charge from the combustion chamber by 
movement of the piston in its compression stroke 
while the intake valve is held open, preventing the 
expelled portion of the inducted charge from com- 
municating with the atmosphere by a check valve 
between the induction manifold and the atmosphere, 
and closing the intake valve during the remainder of 
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The present invention relates to internal com- 
bustion engines in general and in particular to an 
apparatus and method for varying the valve timing 
pertaining to a combustion chamber thereof. 

As known in the art, the "dwell" of a valve is 5 
the portion of the camshaft rotation cycle during 
which the valve is open. As further known in the 
art, the opening and closing of a valve are referred 
to as the valve events. The dwell occurs between 
these two valve events. The events of a rotation 10 
cycle can be defined in terms of engine crankshaft 
degrees. Accordingly, the valve events occur at 
particular angles, and the dwell can be defined as 
an angle extending between the two valve events. 
In an engine with dual camshafts, one camshaft is 
actuates the intake valves, and the other camshaft 
actuates the exhaust valves. However, in a single- 
camshaft engine, both intake and exhaust valves 
are actuated by the single camshaft. 

The sequence of the valve events which de- 20 
fines the period during which the intake and ex- 
haust valves are both open determines what is 
known in the art as the "valve overlap period," also 
spoken of in terms of a "valve overlap angle." 
Specifically, the valve overlap period is the period 25 
between when the intake valve opens and the 
exhaust valve closes. In other words, the portion of 
an engine revolution from the opening of the intake 
valve to the closing of the exhaust valve is known 
as the valve overlap angle. 30 

Improvements in power output, economy, and 
emissions of spark-ignition engines are obtained by . 
variable valve timing which involves changing the 
timing of one or more of the intake and exhaust 
valve events. Variable valve timing also provides 35 
benefits for diesel engines, including: improved 
starting, the use of a lower compression ratio, 
reduction in diesel "knock," the ability to use lower 
quality fuels, a raising and flattening of the torque 
curve, improved fuel consumption, reduced emis- 40 
sions, and better control of scavenging in tur- 
bocharged engines, 

The induction and exhaust systems of internal 
combustion engines are designed specifically for 
the type of operation that the engine is expected to 45 
perform. An important function in these systems is 
accomplished with the intake and exhaust valves, 
since cyclically opening and closing these valves 
allows for four-stroke operation. The timing of valve 
actuation is accomplished with one or more cam- so 
shafts and is determined by the angular relation- 
ship between the camshaft(s) and crankshaft. This 
timing is critical for proper breathing characteris- 
tics, but is fixed at what is considered optimum for 
the expected utilization of the engine. Because of 55 
the inertia effects of the gases being inducted into 
and expelled from the cylinders, the valve timing is 
considerably different for the various classes of 



engines. For example, the family automobile has 
valve timing optimized for ordinary highway opera- 
tion, and at other speeds the engine performance 
is less than ideal. The current technology or fixed- 
valve timing allows for a simple, rigid and compact 
camshaft and drive arrangement. This system is 
limited, however, since the valve opening and clos- 
ing angles are compromised over the engine's en- 
tire load and speed range. 

One means for achieving improved perfor- 
mance is through the use of intake-valve control. 
The valve-overlap period, i.e., the period between 
when the intake valve opens and the exhaust valve 
closes, has a significant influence on engine 
breathing and performance characteristics. Opera- 
tion of a high-performance engine at rated speed 
requires a large valve-overlap period to compen- 
sate for gas inertia effects. Since these effects are 
minimal at low speeds, the engine generates its 
maximum load-speed torque with a small valve- 
overlap period. In order to meet both of these 
objectives, various control systems have been de- 
signed with the capability to provide variable over- 
lap periods. 

Numerous different variable valve timing 
mechanisms have, been tried. Most of these de- 
signs accomplish variable overlap by shifting, i.e., 
phasing, of the intake camshaft relative to the ex- 
haust camshaft to change the angle between when 
the intake valve opens and the exhaust valve 
closes. Thus, camshaft phasing involves changing 
the angular relationship between one or more of 
the engine's camshafts and the crankshaft. Several 
automotive manufacturers are adopting camshaft 
phasing as a limited form of valve timing control for 
their engines. Camshaft phasing has been used 
primarily for changing the valve-overlap angle and 
has been adopted almost exclusively for this use 
on the intake camshaft of engines with twin cam- 
shafts. Variable overlaps allow for improved perfor- 
mance, improved fuel consumption and lower 
emissions. In most applications, the valve overlap 
angle is varied to achieve a small overlap at low- 
speed and light-load conditions and large overlaps 
at high speeds and loads. 

Many camshaft-phasing mechanisms are being 
proposed for the marketplace. Most units are used 
to vary the phasing of the intake camshaft alone, 
but could be applied readily to any camshaft. 
Some of the phasing mechanisms are controlled by 
infinitely variable positioning devices, and most are 
electro-mechanically. or electrb-hydraulically con- 
trolled. Toyota's FX-1 concept car uses stepper- 
motor control to adjust continuously the phasing 
angles (i.e., relative to the. crankshaft) of both the 
intake and exhaust camshafts by 10 degrees. Re- 
nold-of-Britain's design is hydraulically controlled 
and adjusts timing over a 15-degree range relative 
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to the crankshaft. Alfa Romeo introduced Into pro- 
duction a two-stage phase adjuster which can ad- 
vance a camshaft by a fixed angle of 16 degrees 
■ with no intermediate angles. This device has a 
solenoid-actuated hydraulic control which is ac- 
tivated as a function, of load and speed. Nissans 
valve control system similarly rakes a 14-degree 
change in the valve opening and closing angles by 
phasing the intake camshaft relative to the crank- 
shaft. It is also a two-stage mechanism which is 
hydraulically controlled and solenoid actuated. 

U.S. Patent No. 4,388,897 to Rosa , proposes a 
variable valve timing device comprising a camshaft 
wormed over part of its length and carrying a 
splittable cam assembly separable along the axis 
of rotation of the camshaft. However, in the Rosa 
device the control over the valve event is depen- 
dent upon the speed of the camshaft. Moreover, 
the degree of control over the valve event permit- 
ted by the Rosa device is limited by the sensitivity 
of the linkage that restrains axial movement of the 
camshaft. Furthermore, the axial shifting principle 
of the Rosa device renders it difficult to miniaturize 
to conserve space in the engine compartment. 

One problem with camshaft phasing is that the 
dwells remain constant and the intake valve's clos- 
ing angle may be compromised when the opening, 
angle is varied. This compromising effect becomes 
more pronounced for a camshaft having both intake 
and exhaust cams. This is because intake closing, 
exhaust opening, and exhaust closing angles all are 
potential tradeoffs. For this reason, camshaft phas- 
ing for the purpose of controlling valve-overlap 
periods is restricted at present to phasing the in- 
take camshaft on engines having dual camshafts. 
Thus this expanded technology carries with it in- 
herent disadvantages which limit the benefits to be 
achieved through its use. 

At low spark-ignition engine speeds, perfor- 
mance optimization dictates a small overlap angle 
to reduce the likelihood that intake and exhaust 
gases mix. Gas-flow dynamics preclude mixing at 
high engine speeds, and therefore a large valve 
overlap angle is desirable to achieve greater volu- 
metric efficiency and the corresponding increase in 
power output. If the valve overlap angle can be 
varied during the operation of the engine, then the 
flow rate into and out of the engine can be maxi- 
mized both at high speeds and for full-load opera- 
tion at any speed. Increasing the valve-overlap 
angle for the low- and mid-speed ranges is benefi- 
cial for emissions control because of the mixing of 
intake gases and exhaust products. However, this 
same increase in valve-overlap angle for the low- 
and mid-speed ranges hurts power output and 
economy. 

Improving the fuel consumption efficiency of an 
internal combustion engine can be accomplished 



. by decreased friction, higher compression ratios, 
improved combustion, and reduction of an engine's 
pumping losses. The pumping losses, which are 
the negative work required by an engine to intake 
5 and exhaust gases during operation, are a signifi- 
cant fraction of the losses which reduce the fuel 
consumption efficiency of the engine. In the case 
of a spark-ignition engine, these losses result pri- 
marily from the resistance associated with the flow 

70 of fresh air past the throttling valve before entering 
the individual combustion chambers of the engine. 
The throttle performs the necessary function of 
controlling the engine power output by varying the 
amount of air/fuel mixture available for consump- 

75 tion. Thus, any elimination of the throttle valve for 
the purpose of reducing pumping losses requires 
an alternative means of controlling the amount of 
air/fuel mixture inducted into the combustion cham- 
ber to support the required engine load. 

20 A standard spark-ignition automobile engine 
operates the majority of the time at part throttle 
. where pumping losses are greatest. The penalty in 
part-load performance of a conventional spark-igni- 
tion engine varies from 3.5% of the nominal mean- 

25 effective pressure at wide-open throttle to nearby 
100% for a fully throttled idling engine. These 
performance penalties are attributed primarily to 
the throttling process. It is believed that running an 
engine at wide-open throttle throughout its load- 

30 speed range would improve the average overall 
efficiency of the engine by about 20%. 

It is a principal objection of the present inven- 
tion to provide an improved apparatus and method 
to cyclically actuate an actuation member, for in- 

35 stance white controllably varying the proportion of a 
cycle over which the actuation member is actuated 
in each cycle. 

It also is an object of the present invention to 
provide an apparatus and method that enables 

40 optimization of the valve-overlap period for any 
operating condition independent of the influence of 
engine operating characteristics such as load and 
speed. 

For example, the present invention seeks to 
45 provide an apparatus and method for virtually in- 
finite control of camshaft phasing over a 360-de- 
gree range. 

The present invention applies e.g. to internal 
combustion engines with single or twin camshaft 
so arrangements. 

By the present invention, an apparatus and 
method are provided suitable for varying the valve- 
overlap angle associated with the intake and ex- 
haust valve of a combustion chamber of an internal 
55 combustion engine. 

Also, by means of the present invention an 
apparatus and method are provided which can re- 
duce the pumping losses associated with the stan- 
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dard air-intake system for spark ignition engines. 
For example, the pumping losses of a spark-igni- 
tion engine may be eliminated while maintaining 
the same useful output. 

Apparatus and method embodying the present 
invention can control the amount of charge in- 
ducted to support the required engine load of spark 
ignition engines without the pumping losses asso- 
ciated with a standard, i.e., throttled, air intake 
system. 

An apparatus and method embodying the 
present invention permits controlling of the induc- 
tion of an air/fuel charge into the compression 
chamber of a spark-ignition engine by varying the 
valve timing applied to the intake valves of the 
compression chamber. 

Another object of the present invention is to 
provide an improved camshaft design which will 
provide better performance over the entire operat- 
ing range of the engine. 

A further object of the present invention is to 
provide an apparatus and method for optimizing 
the engine characteristics pertaining to emissions, 
fuel economy, and performance at each load/speed 
point of the engine's operating range. 

By means of the present invention, the throttle 
valve of a standard spark-ignition engine and the 
operating losses associated with it can be elimi- 
nated. 

The present invention inter alia provides an 
improved apparatus and method for inducting air 
into the compression chamber of a standard spark- 
ignition engine at atmospheric pressure, as well as 
an apparatus and method for controlling the sched- 
uling of exhaust valve-timing events for a spark- 
ignition engine. 

To achieve the objects and in accordance with 
the purpose of the invention, as embodied and 
broadly described herein, the apparatus of the 
present invention for cyclically actuating an actuat- 
ing member comprises a hollow shaft rotatable 
about an axis of rotation; an inner shaft rotatably 
carried within the hollow shaft; means for actuating 
the actuation member, the actuating means being 
carried by one of the shafts; means for linking the 
shafts for rotation about the axis without relative 
rotation between the shafts, the linking means be- 
ing connected to the shafts; drive means con- 
nected to shafts for rotating the shafts about the 
axis; and control means for imparting a controlled 
relative rotation between the shafts while the drive 
means is driving same, the control means being 
connected to the linking means. 

The actuating means preferably comprises a 
splittable cam member which in turn comprises a 
matched pair of cam lobe members. One of the 
camlobe members is mounted on each of the 
shafts. The camlobe members are located side-by- 



side for actuating a single actuation member such 
as a cam follower.. The camlobe members are 
angularly variable relative to each other by relative 
rotation of the respective shafts which carry the 
5 camlobe members. 

In an alternative embodiment, the actuating 
means preferably comprises a cam member car- 
ried on one of the shafts that is variable relative to 
another cam member carried on the other of the 

w shafts. The two cam members are separated from 
each other along the shafts and actuate different 
actuation members. A cam opening is defined in 
the hollow shaft, and the cam member or camlobe 
member, depending upon the embodiment, carried 

75 by the inner shaft projects through the cam open- 
ing. Thus, some embodiments have respective 
cams carried on the two shafts, some have respec- 
tive camlobe members carried on the two shafts, 
and some embodiments have a combination of 

20 cams and camlobe members carried on the shafts. 
The linking means preferably comprises a vari- 
able transmission having a reference element con- 
nected to one of the shafts, e.g. the hollow shaft, 
an outlet element connected to the other of the 

25 shafts, and an input element. The reference ele- 
ment preferably comprises either an internal gear, 
or a flexible external gear. The output element then 
preferably comprises the other gear, either internal 
or external, depending upon which one was chosen 

30 for the reference element Preferably, the input 
element comprises an elliptical ball-bearing assem- 
bly. The flexible external gear member receives the 
elliptical ball-bearing assembly therein to deform 
and engage the external gear with the internal gear, 

35 thus non-rotatably linking the hollow shaft to the 
inner shaft so that they rotate in unison. 

The control means preferably comprises an 
electric motor having an armature shaft connected 
to the input element of the variable transmission, 

40 i.e. preferably to the elliptical ball-bearing assembly 
to rotate same upon operation of the motor. Rota- 
tion of the elliptical ball-bearing assembly causes 
the splines of the external gear to engage the 
splines of the internal gear. This engagement re- 

45 suits in creeping of one of the external and internal 
gears relative to the other because of a smaller 
number of splines over the circumference of one of 
the gears relative to the number of splines on the 
, circumference of the other of the gears. The creep- 
so ing of one gear relative to the other gear causes 
relative rotation between same, and ultimately rela- 
tive rotation between the inner shaft and the hollow 
shaft because each shaft is connected to one of 
the external and internal gears. The electric motor 

55 can be actuated via a linkage with the accelerator 
pedal of an automobile. 

In another embodiment, the control means fur- 
ther comprises an . electronic control unit which 
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controls operation of the electric motor. The elec- 
tronic control unit can include one or more micro- 
processor units which receive engine operating pa- 
rameters or operator supplied inputs. The elec- 
tronic control unit controls the electric motor de- 
pending upon one or. more operating conditions of 
the engine and/or operator supplied inputs. 

Yet another embodiment of the apparatus of 
the present invention constitutes a hollow shaft 
rotatable about an axis of rotation; an inner shaft 
rotatably carried within the hollow shaft; and means 
for actuating an actuation member, the actuating 
means being carried by at least one of the shafts. 
Preferably, the hollow shaft defines a cam opening 
therethrough in a portion thereof. Moreover, the 
actuating means includes a fixed cam (or camlobe 
member) that is fixed to the hollow shaft and a 
variable cam (or camlobe member) that is fixed to 
the inner shaft and projecting through the cam 
opening. Rotation of the inner shaft relative to the 
hollow shaft permits a variable angular separation 
between the fixed cam (or camlobe member) and 
the variable cam (or camlobe member) . as the 
variable cam (or camlobe member) moves with 
rotation of the inner shaft. 

Another alternative embodiment of the inven- 
tion permits an additional element of control for 
actuating an actuation member and comprises a 
control means which includes a second variable 
transmission and a second electric motor. The sec- 
ond variable transmission has a second reference 
element, a second output element, and a second 
input element. Preferably, an electronic control unit 
controls the second electric motor and may also 
control the first electric motor. The output shaft of 
the second electric motor is connected to the sec- 
ond input element. Moreover, the second reference 
element , is connected to the drive means, and the 
second output element is connected to the hollow 
shaft. In this further alternative embodiment, ac- 
tuation of the second electric motor causes the 
hollow shaft and the inner shaft to rotate in unison, 
but the rotation is relative to the rotation of the 
driving means. Thus, this further alternative em- 
bodiment of the present invention permits a change 
in the relative rotation of the shafts from the driving 
means. Activation of the first electric motor causes 
relative rotation between the hollow shaft and the 
inner shaft in much the same fashion as accom- 
plished in the embodiment having only a single 
variable transmission. 

The rotational control over the hollow shaft and 
the inner shaft of the present invention extends to 
any actuation means carried thereon, such as a 
fixed cam (or camlobe) member carried on the 
hollow shaft and a variable cam (or camlobe) mem- 
ber carried on the inner shaft and projecting 
through the cam opening defined in the hollow 



. shaft. Thus, it is possible using the apparatus of 
the present invention to change the rotation of both 
cams (or cam lobes) relative to the rotation of the 
drive means. It also is possible to advance the 

5 position of the variable camlobe member so that as 
the two shafts rotate, the variable camlobe member 
will engage an actuation member in advance of the 
fixed camlobe member. Similarly, it is possible to 
retard the rotation of the variable camlobe until it 

10 attains a desired retarded angular position relative 
to the fixed camlobe. In the retarded position, the 
variable camlobe will engage the actuation member 
later than engagement by the fixed camlobe mem- 
ber as the two camiobe members rotate. Similarly, 

75 the relative angular position of fixed and variable 
cam members can be changed in the same fash- 
ion. 

To further achieve the objects and in accor- 
dance with the purpose of the invention, as em- 

20 bodied and broadly described herein, there is pro- 
vided an internal combustion engine. The engine 
comprises a combustion chamber with an intake 
valve and an exhaust valve and. an apparatus for 
actuating and deactuating at least one of the 

25 valves. The apparatus for actuating and deactuating 
at least one of the valves includes a hollow shaft 
rotatable about an axis of rotation. An inner shaft is 
rotatably carried within the hollow shaft. A cam 
member or splittable cam member actuates one of 

30 the intake valve and exhaust valve. Means are 
provided for linking the shafts for rotation about the 
axis without relative rotation between the shafts. 
The linking means is connected to the shafts. Drive 
means are connected to the shafts for rotating the 

35 shafts about the axis. The splittable cam member 
includes a fixed camlobe member carried by one 
of the shafts and a second, e.g. variable camlobe 
member carried by the other of the shafts. The 
angular position of the variable cam (or camlobe) 

40 member is variable relative to the fixed cam (or 
camlobe) member. The fixed cam (or camlobe) 
member is e.g. variable relative to a point of refer- 
ence arbitrarily chosen on the drive means. Control 
means are provided for imparting controlled relative 

45 rotation between the shafts while the drive means 
is driving same. The control means is connected to 
the linking means. 

In a further embodiment, the control means 
includes means for imparting controlled relative 

50 rotation between the shafts and the drive means. 

To further achieve the objects and in accor- 
dance with the purpose of the invention, as em- 
bodied and broadly described herein, there is pro- 
vided a method of attaining a desired engine per- 

55 formance comprising the step of changing the an- 
gular position of a variable camlobe member rela- 
tive to a fixed camlobe member from a first angular 
position to a second angular position. In changing 
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from the first angular position to the second an- 
gular position, the variable camlobe member is 
moved in a predetermined direction relative to the 
direction of rotation of the camshaft. The predeter- 
mined direction and the magnitude of the angular 5 
movement of the variable camlobe member are 
dependant at least in part upon at least one desired 
operating condition of the engine. This method 
applies to any valve actuated by a splittable cam 
member. w 

In a further embodiment of the invention, the 
angular positions of the camlobe members relative 
to an arbitrary reference point of the drive means 
are changed from a first relative angular position to 
a second relative angular position. Moreover, the 75 
magnitude and direction of the changes in angular 
position of the camlobe members are dependent 
upon at least one desired operating condition of the 
engine. 

To further achieve the objects and in accor- 20 
dance with the purpose of the invention, as em- 
bodied and broadly described herein, there is pro- 
vided an internal combustion engine comprising a 
combustion chamber with an intake valve and an 
exhaust valve. The engine further comprises an 25 
apparatus for actuating and deactuating both of the 
valves. The apparatus for actuating and deactuating 
both of the valves includes a hollow shaft rotatable 
about an axis of rotation. An inner shaft is rotatably 
carried within the hollow shaft. An intake cam 30 
member actuates the intake valve, and an exhaust 
cam member actuates the exhaust valve. There are 
means for linking the shafts for rotation about the 
axis without relative rotation between the shafts. 
This linking means is connected to the shafts. 35 
There are drive means connected to the shafts for 
rotating the shafts about the axis, and the drive 
means carry an arbitrarily chosen reference point 
thereon. One of the intake cam member and the 
exhaust cam member is carried by the hollow 40 
shaft, and the other of the cam members is carried 
by the inner shaft. Each cam member is at a fixed 
angular position relative to the shaft which carries 
it. The angular positions of the cam members is 
variable relative to each other and are at respective 45 
predetermined angular positions relative to each 
other. The angular positions of the cam members 
are variable relative to the reference point on the 
drive means and are at predetermined angular po- 
sitions relative to this arbitrarily chosen reference 50 
point of the drive means. The control means im- 
parts controlled relative rotation between the shafts 
while the drive means is driving same. This control 
means is connected to the linking means. In a 
further embodiment, this control means can include 55 
means for imparting controlled relative rotation be- 
tween the drive means and the shafts while the 
drive means is driving the shafts. 



To further achieve the objects and in accor- 
dance with the purpose of the invention, as em- 
bodied and broadly described herein, there is pro- 
vided a method of reducing pumping losses and 
improving brake specific fuel consumption for an 
engine, e.g. a spark ignition engine, the engine 
having a combustion chamber with a piston therein 
for varying the volume of same, an induction mani- 
fold disposed between the atmosphere and the 
combustion chamber, an intake valve disposed be- 
tween the combustion chamber and the induction 
manifold, and a camshaft for actuating the intake 
valve. The method comprises: inducting a charge 
of fluid into the combustion chamber; holding the 
intake valve open during a portion of the compres- 
sion stroke of the piston; expelling a portion of the 
inducted charge from the combustion chamber; 
preventing the expelled portion of the inducted 
charge from communicating with the atmophere; 
and closing the intake valve during the remainder 
of the compression stroke and after the portion of 
the inducted charge is expelled. 

Preferably, the expelled portion of the inducted 
charge is prevented from communicating with the 
atmosphere. In some applications this is accom- 
plished by the provision of a check valve disposed 
between the induction manifold and the atmo- 
sphere. The check valve permits fluid to flow from 
the atmosphere through the intake valve and into 
the combustion chamber during the induction 
stroke of the piston. However, the one-way struc- 
ture of the check valve prevents the expelled por- 
tion of the inducted charge from passing through 
the check valve and communicating with the at- 
mosphere. 

Embodiments of the invention will now be de- 
scribed and explained in detail by way of example 
only, with reference to the accompanying drawings 
in which: 

Fig. 1 is a perspective view of an embodiment 
of the apparatus of the present invention, with 
certain components represented schematically; 
Fig. 2 is an exploded perspective view of the 
embodiment of Fig. 1; 

Fig. 3 is a cross-section taken along the line 
IH-III of Fig. 1; 

Fig. 4 is a cross-section taken along the line 

IV- IVof Fig. 1; 

Fig. 5 is a cross-section taken along the line 

V- VofFig. 1; 

Fig. 6 is a cross-section taken along the line 

VI- Vlof Fig. 1; 

Fig. 7 is a schematic representation of an em- 
bodiment of the present invention; 
Fig. 8 is a schematic representation of an em- 
bodiment of the method of the present invention 
used with an internal combustion engine; 
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Fig. 9 is a schematic representation of a further 

embodiment of the present invention; 

Fig. 10 is a schematic representation of another 

embodiment of the present invention; 

Fig. 11 is a schematic representation of yet.". 

another embodiment of the present invention; 

and 

Fig. 12 is a schematic representation of still 

another embodiment of the present invention. 
Reference will now be made in detail to the 
present preferred embodiments of the invention, 
examples of which are illustrated in the accom- 
panying drawings. 

The apparatus for cyclically actuating an ac- 
tuation member comprises a hollow shaft which is 
rotatable about an axis of rotation. As embodied 
herein and shown for example in Figs. 1-2, a hollow 
shaft 12 has a centrally located rotational axis 14. 
Shaft 12 preferably is formed as a. hollow cylinder 
with the hollow interior having a circular cross- 
section. Hollow shaft 12 preferably is formed of 
metal or any other rigid material capable of with- 
standing the operating environment of shaft 12. For 
some applications, shaft 12 may be formed of a 
plastic or resinous material that is a poor conductor 
of electricity and magnetically inert. 

The cyclically actuating apparatus of the 
present invention further comprises an inner shaft 
rotatably carried within the hollow shaft. As em- 
bodied herein and shown for example in Figs. 2-6, 
an inner shaft 16 has a cross-sectional periphery 
shaped like a polygon, such as the hexagon shown 
in Figs. 2-6. Inner shaft 16 preferably is formed of 
a rigid metallic material and preferably is carried 
concentrically about axis 14 within hollow shaft 12 
via a plurality of bushings 18. However, shaft 16 
could be carried eccentrically about axis 14 within 
shaft. 12, but this embodiment is not illustrated in 
the drawings herein. Moreover, shaft 16 could have 
a partial or full circular cross-sectional profile in an 
embodiment assembled differently than the em- 
bodiment illustrated in the Figs. For example, bush- 
ings 18 could be eliminated. Hollow shaft 12 could 
comprise two sections joined around a circular 
inner shaft carrying a plurality of cam members 
integrally formed thereon. 

In the embodiment shown in Figs. 1-6, each 
bushing 18 has a cross-sectional periphery shaped 
like a circle so that bushing 18 rotates concen- 
t trically about axis 14 within hollow shaft 12. Each 
bushing has an inner opening 20 extending along 
its entire length. Opening 20 is configured to non- 
rotatably receive the exterior profile of inner shaft 
16. Thus, bushings 18 serve to permit inner shaft 
16 to be carried within hollow shaft 12 and carried 
rotatably about the same axis of rotation 14. Bush- 
ings 18 preferably are formed of a rigid material 
such as brass or another material capable of with- 



standing the operating environment of shafts 12, 
16. 

A circular profile for opening 20 suffices for the 
hexagonal shaped profile of inner shaft 16 depicted 
5 in the drawings. The circular shaped profile is likely 
to wear faster than the profile which exactly match- 
es that of the inner shaft. However, the circular 
shaped profile of bushing opening 20 is the easiest 
to manufacture. 

w The apparatus for cyclically actuating an ac- 
tuation member according to the present invention 
further comprises means for actuating the actuation 
member. The actuating means is carried by at 
least one of the shafts. As embodied herein and 

75 shown for example in Figs. 1-4, the actuating 
means preferably comprises a splittable cam mem- 
ber 21 which includes a variable camlobe member 
28 and a fixed camlobe member 36. Variable cam- 
lobe member. 28 has a nose portion 30 for engag- 

20 ing an actuation member. As shown in Fig. 2, an 
inner shaft opening 32 is formed at the opposite 
end of camlobe 28 and is configured for non- 
rotatabiy receiving therethrough, inner shaft 16. 
Camlobe 28 is formed of a metallic or other ma- 

25 terial suitable for the operating environment of 
camlobe 28. As illustrated in the preferred embodi- 
ment of the invention of Fig. 2, shaft 12 defines a 
cam opening 34 which is cut completely through 
the thickness of the wall which defines hollow shaft 

30 12. 

As will become apparent upon further reading 
of this specification, the terms fixed and variable 
have been arbitrarily selected. Applicants have 
found it convenient to refer to the cam (or camlobe) 

35 which projects through cam opening 34 as the 
variable member. However, the shafts move rela- 
tive to one another, and thus the cam (or camlobe) 
members mounted thereon move relative to one 
another. Thus, the respective positions of the cam 

40 (or camlobe) members can be variable relative to 
each other. 

In the embodiment of Fig. 2, the assembly of 
the shaft and splittable cam member components 
can be effected as follows: a bushing 18 is inserted 

45 into hollow shaft 12 past cam opening 34. A vari- 
able camlobe member 28 is then inserted through 
cam opening 34 of hollow shaft 12. Then another 
bushing 18 is inserted into hollow shaft 12 until it 
meets variable camlobe member 28. Inner shaft 1 6 

50 is inserted through bushing opening 20 and 
through inner shaft opening 32 of variable camlobe 
member 28, so that rotation of inner shaft 16 about 
axis 14 rotates inner shaft 16 and camlobe 28 in 
unison. Thus, inner shaft 16 non-rotatably carries 

55 variable camlobe member 28. 

As shown in Fig. 4, variable camlobe member 
28 has a pair of ears 29 which engage a. portion of 
cam opening 34 defined in hollow shaft 12. Vari- 
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able camlobe member 28 can be adjusted over an 
angular range of rotation in the embodiment shown 
in Fig. 4. This range of rotation is limited by the 
size of cam opening 34 and the relative size of 
variable camlobe member 28. The position of ears 5 
29 also affects the amount of rotational motion to 
be afforded variable camlobe member 28 within 
cam opening 34 of hollow shaft 12. In the embodi- 
ment shown in Fig. 4, the portion of variable cam- 
lobe member 28 having shaft opening 32 has a w 
peripheral riding surface 35 which engages and 
rotates relative to the interior surface of hollow 
shaft 12. 

As embodied herein and shown, for example in 
Fig. 3, the actuation member preferably comprises 75 
a cam follower 22, which is indicated in phantom 
as rotating about a pivoting shaft 24 with one end 
engaging a valve tappet 26 of an internal combus- 
tion engine valve 27. 

In a preferred embodiment of the present in- 20 
vention, the actuating means further comprises a 
fixed camlobe member 36, as illustrated for exam- 
ple in Figs. 1, 2, 3, and 5. Fixed camlobe member 
36 can be formed of the same or similar material 
as variable camlobe member 28 and has a match- 25 
ing or complimentary profile, as desired for the 
particular application, at the nose portion where the 
actuating means engages and actuates an actu- 
ation member such as cam follower 22. Fixed 
camlobe member 36 can be formed integrally with 30 
hollow shaft 12 or can be a separate member fixed 
to the exterior surface of hollow shaft 12 and car- 
ried thereby so that fixed camlobe member 36 
does not rotate relative to hollow shaft 12. More- 
over, in the embodiment shown in Figs. 1 and 2, 35 
fixed camlobe member 36 and variable camlobe 
member 28 are arranged adjacent each other and 
comprise a single actuating means. Each camlobe 
member 28, 36 is one half the width of a conven- 
tional cam member carried by a conventional cam- 40 
shaft. Camlobe member widths may be varied as 
dictated by wear characteristics. However, as 
shown in Figs. 11 and 12, a full width variable cam 
member 19 can be projected through cam opening 
34 and can be located apart from where a full width 45 
fixed cam member 17 is attached to hollow shaft 
12, as desired by the particular application. 

Various combinations of fixed and variable cam 
members or camlobe members and relative posi- 
tionings thereof along hollow shift 12 and inner 50 
shaft 16 are contemplated. The specific number 
and arrangement of same is controlled primarily by 
the particular application desired. For example, as 
shown in Fig. 9, a plurality of fixed cam members 
17 and splittable cam members 21 having variable 55 
camlobe members can be provided. Moreover, as 
shown in Figs. 1 1 and 12, one or more variable 
cam members 19 can be provided with a spaced 



apart fixed cam member 17. Furthermore, as few 
as a single variable camlobe member 28 can be 
provided with one or more fixed cam (and/or cam- 
lobe) members on a single camshaft comprised of 
hollow shaft 12 and inner shaft 16. 

Preferably, the fixed and. variable camlobe 
members are designed to provide profiles that per- 
mit a smooth transition of the actuation of cam 
follower 22 from one member to the other. In this 
way, during a large relative adjustment of the cam- 
lobe members, one camlobe member will not allow 
the valve to begin closing before contact is made 
with the other camlobe member. Preferably the 
actuation member, such as cam follower 22, will be 
contoured to accept the motion path of the actuat- 
ing means so that a smooth transition occurs. For 
example, as shown in Rg. 3, variable camlobe 28 
moves in a generally circular path 23, and cam 
follower 22 is configured with a generally circular 
arcuate surface 25 for accepting variable camlobe 
28 as camlobe 28 moves in its generally circular 
path. 

In a further alternative embodiment of the 
present invention, the actuating means can com- 
prise a magnetic element (not shown) carried on 
inner shaft 16. In this case, which is not illustrated 
in the drawings, there is no need for any cam 
opening 34 in hollow shaft 12. Hollow shaft 12 is 
then preferably fabricated of a material conducive 
to the actuation of an actuation member by the 
magnetic element carried on inner shaft 16. More- 
over, the magnetic element carried on inner shaft 
16 can be used in conjunction with another mag- 
netic element carried on hollow shaft 12 if desired 
by the particular application. Furthermore, a plural- 
ity of magnetic elements can be arranged as de- 
sired on. shafts 12, 16, as is the case with fixed and 
variable camlobe members 36, 28. 

In accordance with the present invention, 
means are provided for linking the shafts for rota- 
tion about the axis without relative rotation between 
the shafts. The linking means is connected to the 
shafts. As embodied herein and shown for example 
in Fig. 2, the linking means preferably comprises a 
variable transmission indicated generally by the 
numeral 38 and comprising a reference element, 
an output element, and an input element. One of 
shafts 12, 16 is connected to the reference element 
of the variable transmission, and the other of shafts 
12, 16 is connected to the output element of the 
variable transmission. Preferably, the drive means 
(described hereinafter) is connected to whichever 
shaft in this embodiment is connected to the refer- 
ence element of the variable transmission. 

Preferably, the variable transmission comprises 
a Harmonic Drive brand variable transmission gear 
mechanism such as described in U.S. Patent No. 
2,906,143, entitled, "Strain Wave Gearing," which 
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Is hereby incorporated herein by reference. The 
. reference element of the embodiment of the vari- 
able transmission depicted in Fig. 2 comprises a 
rigid circular spline 40 having a rigid internal gear 
42. This reference element is rigidly attached to 
hollow shaft 12 via mechanical connections, includ- 
ing a rigid cylindrical member 44 and a pulley 
wheel 50, which has an opening at the center 
thereof to permit passage therethrough, of inner 
shaft 16. Pulley wheel 50 is non-rotatably attached 
to cylindrical member 44 as by a dowel 51 and 
bore 53 arrangement shown in Fig. 2. One end of 
hollow shaft 12 is rigidly connected to pulley wheel 
50. Thus, hollow shaft 12 rotates as one in this 
embodiment with the reference element of the vari- 
able transmission. 

Furthermore, the output element of the pre- 
ferred embodiment of the variable transmission 
comprises a cylindrical cup-shaped member 52 
having a non-rigid, external gear 54. On the end of 
cup-shaped member 52 opposite non-rigid, exter- 
nal gear .54, there is an attachment flange 56 for 
non-rotatably receiving and securing therein, one 
end of inner shaft 16. Thus, inner shaft 16 rotates 
in unison with cup-shaped member 52, and exter- 
nal gear 54. 

In the preferred embodiment of the variable 
transmission depicted in Fig. 2, the input element 
comprises an elliptical ball-bearing assembly 58 
received within cup-shaped member 52 in the vi- 
cinity of non-rigid, external gear 54. As shown in 
Fig. 6, elliptical ball-bearing assembly 58 deforms 
non-rigid external gear. 54 so that gear 54 meshes 
with internal gear 42 of rigid circular spline 40 in 
the vicinity of the major axis of elliptical ball-bear- 
ing assembly 58. Thus, cylindrical cup-shaped 
member 52 and external gear 54 are linked with 
rigid circular spline 40 and internal gear 42 so that 
the linked components rotate in unison. Since inner 
shaft 16 is rigidly connected to external gear 54 via 
cup-shaped member 52, and hollow shaft 12 is 
rigidly connected to internal gear 42 via cylindrical 
member 44, etc., as explained above, the variable 
transmission links shafts 12, 16 for rotation about 
axis 14 without relative rotation between shafts 12, 
16. 

External gear 54 has two fewer splines around 
its circumference than the number of splines for- 
ming the complete circumference of internal gear 
42, and this differential performs a significant func- 
tion in achieving relative rotation between shafts 
12, 16, as hereinafter explained. 

In alternative embodiments of the invention, the 
linking means may comprise other types of vari- 
able transmissions which comprise a reference ele- 
ment, an output element, and an input element. 
Examples, which are not shown in the Figs., in- 
clude a slip-fit brake, a clutch, a planetary gear set, 



. or an accelerator linkage assembly. Another exam- 
ple not shown in the Figs, is another Harmonic 
Drive brand variable transmission gear mechanism 
comprising pancake gear components. This pan- 

5 cake gear component mechanism is described in 
U.S. Patent No. 2,959,065, entitled, "Spline and 
Rotary Table," which is hereby incorporated herein 
by reference. This pancake gear mechanism is 
compact and especially suitable for embodiments 

10 requiring a minimal use of space. 

The apparatus for cyclically actuating an ac- 
tuation member further comprises drive means 
connected to the shafts for rotating the shafts about 
the rotational axis. As embodied herein and shown 

?5 for example in Rg. 1, the drive means preferably 
comprises, pulley wheel 50, non-rotatably secured 
to hollow shaft 12 via a locking flange 60 and a 
spline lock member 62 inserted into a spline 
keyway 64 defined in locking flange 60. The drive 

20 means of this embodiment further comprises a belt 
66 which is rotated by a crankshaft pulley wheel 68 
connected to a crankshaft 70 of an engine (not 
shown). The engine rotates crankshaft 70 which 
drives shafts 12, 16 via belt 66 and pulley wheels 

25 50, 68. The relative rotational cycles of crankshaft 
70 and shafts 12, 16 have a relationship which 
depends upon the size of pulley wheels 50, 68. 

In further accordance with the present inven- 
tion, control means are provided for imparting a 

30 controlled relative rotation between the shafts while 
the drive means is driving same. The control 
means is connected to the linking means. As em- 
bodied herein and shown for example in Fig. 2, the 
control means preferably comprises an electric mo- 

35 tor 72 having an armature shaft 74. Electric motor 
72 is non-rotatably mounted within a housing 73 
which is in turn nonrotatably connected to rigid 
cylindrical member 44 via a connecting ring 92 so 
that electric motor 72 rotates in unison with shafts 

40 12,16. 

Elliptical ball-bearing assembly 58 is connected 
in a non-rotatable fashion to the free end of ar- 
mature shaft 74. For example, as shown in Fig. 2, a 
spline-lock member 76 is received partially within a 

45 spline-keyway 78 formed in the free end of ar- 
mature shaft 74 and partially within a spline- 
keyway 80 formed within a locking flange 82 of 
ball-bearing assembly 58. As noted above, external 
gear 54, internal gear 42, and elliptical ball-bearing 

so assembly 58, respectively comprise the output, ref- 
erence and input elements of the particular variable 
transmission embodiment depicted in Figs. 1 and 
2. 

Motor 72 rotates armature shaft 74 and eliip- 
55 tical ball-bearing assembly 58 connected thereto. 
During rotation, elliptical assembly 58 deforms cup- 
shaped member 52 to accommodate the major axis 
of elliptical assembly 58. As elliptical assembly 58 
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rotates, the splines of external gear 54 engage the 
splines of internal gear 42 in the vicinity of the 
major axis of elliptical assembly 58. However, two 
fewer splines comprise external gear 54 than com- 
prise internal gear 42. Thus, with each complete 
revolution of elliptical assembly 58, there is less 
than a one-to-one correspondence between the 
splines of the external gear and the splines of the 
internal gear. External gear 54 indexes two splines 
around internal gear 42 for each revolution of ellip- 
tical assembly 58. This results in a net translation 
between the two gears in one direction or another, 
depending upon the direction of rotation of elliptical 
assembly 58. The relative rotation results because 
the reduced number of splines, on the external gear 
means that two of the external gear splines will 
twice engage splines of the internal gear during 
each complete rotation of elliptical assembly 58. It 
is this relative rotation between gears 42, 54 that 
permits relative rotation between the two shafts 12, 
16, which are separately connected to the two 
gears. 

In an alternative embodiment of the present 
invention, the control means further comprises an 
electronic control unit 84. Actuation of electric mo- 
. tor 72 is controlled via appropriate electrical leads 
86 connecting a power source 87 via unit 84 with 
contacting brushes 88, which electrically engage a 
slip ring assembly 90 of electric motor 72. Elec- 
tronic control unit 84 can contain one or more 
microprocessor units which can be preprogrammed 
to process input information constituting operating 
parameters of an engine which includes an ac- 
tuation member such as cam follower 22. These 
microprocessor units also can be programmed to 
receive operator supplied inputs, which can cor- 
respond to an engine performance that the oper- 
ator desires to attain. This electronic control unit 84 
can be preprogrammed to control motor 72 based 
upon the operating status of the engine, as deter- 
mined from the operating inputs received by unit 
84, or based upon the operator supplied inputs 
received by unit 84, or based in part upon both. 
Electronic control unit 84 can be preprogrammed 
to respond to operator supplied inputs which cor- 
respond to at least one operating condition of the 
engine that the operator desires to attain. More- 
over, the engine in question can be the same 
engine that provides the driving force to rotate 
crankshaft 70. The inventors contemplate that 
preprogramming of the electronic control unit will 
require determining the operating and performance 
characteristics of the particular engine. 

Operation of the embodiment of the apparatus 
of the present invention depicted in the Figs, now 
will be explained. This explanation assumes that 
crankshaft 70 is the crankshaft of an internal com- 
bustion engine, and cam follower 22 activates an 



intake valve of a combustion chamber of the en- 
gine which drives crankshaft 70. However, cam 
follower 22 could just as easily activate an exhaust 
valve of the engine's combustion chamber. 
5 Pulley wheel 50 is rotated by crankshaft 70 via 
belt 66 at a predetermined number of cycles, i.e., 
complete revolutions, per second. The number of 
cycles per second is dependent upon the engine 
speed and the size ratio between pulley wheel 50 
ro and crankshaft pulley wheel 68. Pulley wheel 50 is 
rigidly attached to cylindrical member 44 and to 
hollow shaft 12. Cylindrical member 44 carries in- 
ternal gear 42. Inner shaft 16 is rigidly attached to 
cup-shaped member 52 which carries external gear 

75 54. Cup-shaped member 52 is disposed relative to 
cylindrical member 44 so that external gear 54 
intermeshes with internal gear 42 along the major 
axis of elliptical ball-bearing assembly 58. Thus, 
elliptical ball-bearing assembly 58 is disposed with- 

20 in cup-shaped member 52 and deforms same to 
cause external gear 54 to engage internal gear 42. 
The engagement of internal gear 42 with external 
gear 54 links cylindrical member 44 with cup- 
shaped member 52 so that the two rotate in unison, 

25 and accordingly hollow shaft 12 rotates in unison 
with inner shaft 16. 

Motor housing 73 is rigidly attached to cylin- 
drical member 44 so that these two members also 
rotate in unison. Electric motor 72 is rigidly at- 

30 tached to motor housing 73 so that electric motor 
72 also rotates in unison with each of motor hous- 
ing 73, cylindrical member 44, and shafts 12, 16. 
The free end of armature shaft 74 is rigidly at- 
tached to elliptical bail-bearing assembly 58. When 

35 electric motor 72 is inoperative, armature shaft 74 
. of motor 72 also rotates in unison with shafts 12, 
16. When motor 72 is operated, armature 74 
rotates ball-bearing assembly 58 relative to cup- 
shaped member 52 and cylindrical member 44. 

40 Rotation of ball-bearing assembly 58 relative to 
internal and external gears 42, 54, respectively, 
causes relative rotation between internal gear 42 
and external gear 54. This relative rotation is caus- 
ed by the larger number of splines constituting 

45 internal gear 42 relative to the number of splines in 
external gear 54, as explained above. As elliptical 
ball-bearing member 58 is rotated relative to the 
two gears, the relative rotation between the two 
gears causes relative rotation between shafts 12 

so and 16, which are separately connected to one of 
the two gears. Thus, operation of electric motor 72 
causes relative rotation between shafts 12, 16 while 
the engine is driving shafts 12, 16 via pulley wheel 
50. The amount of relative rotation is controlled by 

55 the number of rotations of armature shaft 74 of 
electric motor 72. Moreover, reversing electric mo- 
tor 72 causes relative rotation between shafts 12, 
16 in the opposite direction to restore same to their 
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original relative rotational orientation. 

The operation of electric motor 72 can be 
controlled further by electronic control unit 84. 
Moreover, sensors of engine operating parameters 
can provide inputs to one or more microprocessor 
units of electronic control unit 84. Operator sup- 
« plied inputs, such as depressing an accelerator 
pedal, also can be provided to one or more micro- 
processors of electronic control unit 84. The de- 
sired inputs can be used according to a predeter- 
mined microprocessor program, to control electric 
motor 72 according to the operating status of the 
engine as indicated by the sensors of various op- 
erating parameters like engine speed, emissions, 
etc. For example, at low engine speeds of a stan- 
dard spark ignition engine lacking a throttle, one or 
more microprocessor units of control unit 84 can 
control electric motor 72 with operator supplied 
inputs, to cause relative rotation between shafts 12 
and 16 that would angularly separate a splittable 
cam member and accordingly increase the duration 
over which an intake valve in the combustion 
chamber of the engine remained open during the 
compression stroke of the piston. This would have 
the effect of eliminating pumping losses associated 
with throttled engine performance. 

In another alternative embodiment of the 
present invention, the control means comprises two 
variable transmissions connected to the hollow 
shaft and the inner shaft to permit an additional 
degree of operating flexibility. Applications of this 
embodiment are shown for example in Figs. 7 and 
10. As embodied herein and shown schematically 
for example in Fig. 7, a first variable transmission 
92 has a first reference element 94, a first output 
element 96, and a first input element 98. Accord- 
ingly, in the embodiment shown in Fig. 7, first 
reference element 94 is connected to hollow shaft 
12, and first output element 96 is connected to 
inner shaft 16. A first electric motor 100 is con- 
nected to first input element 98 to actuate same. A 
second variable transmission has a second refer- 
ence element 102 connected to a drive means 104, 
a second output element 106 connected to hollow 
shaft 12, and a second input element 108 con- 
nected to electric motor 72. Electronic control unit 
84 is connected to electric motors 72, 100, to 
control same. 

Assuming that the first and second variable 
transmissions comprise the.input, output, and refer- 
ence elements of the variable transmission embodi- 
ment shown in Fig. 2, this alternative embodiment 
of the present invention operates as follows. Rota- 
tion of drive means 104 rotates hollow shaft 12 in 
unison with inner shaft 16. Activation of second 
input element 108 by electric motor 72 causes 
hollow shaft 12 and inner shaft 16 to rotate in 
unison. However, hollow shaft 12 and inner shaft 16 



. rotate relative to second reference element 102 
and the drive means connected thereto. Thus, the 
entire relative timing of shafts 12, 16 can be 
changed relative to the original timing determined 
5 by rotation of the drive means. Moreover, if first 
input element 98 is rotated, then hollow shaft 12 
rotates relative to inner shaft 16, thus permitting 
relative movement between any actuating elements 
carried by these respective shafts. These relative 

10 movements between the shafts and the respective 
splittable cam members carried thereby, can be 
reversed relative to the direction of rotation of the 
drive means. Reversal is accomplished by rotating 
the first input element in the opposite direction. 

75 In further accordance with the present inven- 
tion, there is provided an internal combustion en- 
gine. As embodied herein and shown for example 
in Fig. 8, an internal combustion engine is des- 
ignated generally by the numeral 123. Engine 123 

20 comprises a combustion chamber 110. Engine 123 
also includes an intake valve and an exhaust valve 
and apparatus for actuating and deactuating one or 
both of said valves. Examples of the valves are 
shown in Fig. 8 and are similar to intake valve 114 

25 of Fig. 8. The apparatus for actuating and deac- 
tuating one or both of the valves is shown in 
various embodiments and in various details in ore 
or more of rigs. 1-12. Engine 123 can be either a 
spark ignition engine or a compression ignition 

30 engine. The structure and operation of the appara- 
tus for actuating and deactuating one or both of the 
valves is described above in detail. Furthermore, 
additional embodiments of the apparatus for actuat- 
ing and deactuating both of the valves will be 

35 described below. 

An alternative embodiment of the present in- 
vention illustrated in Fig. 9 is suitable for use as the 
camshaft in a single camshaft, internal combustion 
engine. Hollow shaft 12 carries at least one fixed 

40 cam member 17 and at least one fixed camlobe 
member 36. An inner shaft 16 (not shown) carries 
at least one variable camlobe member 28 which 
together with fixed camlobe member 36 carried on 
hollow shaft 12 comprises a splittable cam member 

45 21 . A control meais and a linking means, as earlier 
described, are contained in a housing 46 such that 
drive pulley 50 is a drive means that is non- 
rotatably connected to one of the shafts to drive 
same. 

so The embodiment of the present invention illus- 
trated in Fig. 9 can be operated as follows. As the 
drive pulley 50 is driven by an engine, shafts 12 
and 16 are driven by drive pulley 50. However, 
drive pulley 50 is non-rotatably connected to only . 

55 one of the shafts. Moreover, while the shafts are 
linked by the linking means, the control means, 
which also is connected to the linking means, can 
impart a controlled relative rotation between the 
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shafts while the drive means is driving same. Thus, 
as the shafts are rotated by the drive means, the 
control means can change the angular relationship 
between variable camlobe member 28 and its adja- 
cent fixed camlobe member 36 by imparting a 5 
controlled relative rotation between the shaft which 
carries variable camlobe member 28 and the shaft 
which carries fixed camlobe member 36. 

In accordance with the present invention, a 
method is provided for attaining a desired engine w 
performance. As embodied herein, the method in- 
cludes changing the angular position of the variable 
camlobe member relative to the fixed camlobe 
member from a first angular position to a second 
angular position. The direction in which the variable 15 
camlobe member moves relative to the direction of 
rotation of drive pulley 50 can be made dependent 
at least in part upon at least one desired operating 
condition of the engine. This is accomplished by 
using an electronic control unit 84 contained in 20 
housing 46. Similarly, electronic control unit 84 can 
determine the magnitude of the movement of the 
variable camlobe member relative to the fixed cam- 
lobe member at least in part based upon at least 
one desired operating condition of the engine. Dif- 25 
ferent or identical engine operating conditions can 
be used to determine the magnitude, the direction, 
or the magnitude and direction of relative move- 
ment between the camlobe members. 

The embodiment shown in Fig. 9 would be 30 
suitable as a camshaft for actuating intake valves 
and exhaust valves of an internal combustion en- 
gine having a combustion chamber with intake 
valves and exhaust valves. For example, the split- 
table cam member could be responsible for actuat- 35 
ing the intake valves, and the fixed cam member 
could be responsible for actuating the exhaust 
valves. Variable camlobe member 28 could be 
moved in the same direction (advancing) or in the 
opposite direction (retarding) relative to the direc- 40 
tion of rotation imparted by drive pulley 50. Assum- 
ing that drive pulley 50 is driving the shafts in the 
direction indicated by the arrow designated 13 in 
Fig. 9, then advancing variable camlobe member 
28 would open the intake valve earlier in each 45 
cycle and change the proportion of time of each 
cycle during which the intake valve is maintained in 
the open position. Retarding variable camlobe 
member 28 would open the intake valve at the 
same time, because it still would be opened by 50 
fixed camlobe member 36. However, retarding vari- 
able camlobe member 28 would keep the intake 
valve open for a longer duration of time. 

To illustrate a further mode of operation of the 
embodiment shown in Fig. 9, assume that Fig. 3 55 
illustrates one of the splittable cam members 
shown in Fig. 9 and that, the arrow designated 13 
indicates the direction of rotation of the shafts as 



driven by drive pulley 50. Assume that the variable 
camlobe member designated 28' and shown in 
phantom in Fig. 3 represents the initial position of 
the variable camlobe member, which is at a first 
angular position alpha (a) relative to fixed camlobe 
member 36. In this situation, advancing variable 
camlobe member until it resides in the position 
occupied by the phantom camlobe member des- 
ignated 28" corresponds to movement to an an- 
gular position designated beta (£) relative to fixed 
camlobe member 36. Such movement does not 
affect when the valve opens in each cycle, but 
does shorten the proportion of time during each 
cycle during which the valve remains open. Simi- 
larly, moving the variable camlobe member from 
the position designated 28" to the position des- 
ignated 28* such that the angle of the variable 
camlobe member relative to fixed camlobe mem- 
ber 36 goes from beta to alpha, has the effect of 
increasing the proportion of each cycle during 
which the valve is maintained in the open position. 

An alternative embodiment of the present in- 
vention illustrated in Fig. 10 is suitable for use as 
one or both of a pair of dual camshafts for a 
combustion chamber of an internal combustion en- 
gine. The Fig. 10 embodiment is the same as the 
Fig. 9 embodiment except that the fixed cam mem- 
bers 17 have been eliminated and a second vari- 
able transmission is contained within a second 
housing 47 and constitutes part of the control 
means. 

If the second housing 47 with its. second vari- 
able transmission is eliminated from the embodi- 
ment in Fig. 10, then the resulting embodiment is 
useful as one or both of the camshafts for an 
internal combustion engine having dual camshafts, 
one for the intake valves and one for the exhaust 
valves. If for example the modified Fig. 10 embodi- 
ment is used to actuate the intake valves, the 
rotation of the variable camlobe member relative to 
the fixed camlobe member causes the dwell, i.e., 
the duration of the opening of the intake valve, to 
change. 

As illustrated in the embodiment shown in Fig. 
7, the first variable transmission of the control 
means imparts controlled relative rotation between 
the shafts and the drive means, and the second 
variable transmission of the control means imparts 
relative rotation between the shafts. An arbitrarily 
chosen point of reference 51 is carried by drive 
pulley 50 to permit gauging of the relative rotation 
between the drive means and the shafts that is 
imparted by the first variable transmission of the 
control means contained within housing 46. This 
point of reference can be any preselected point on 
the drive means and is purely hypothetical for 
purposes of demonstrating whether one or more 
components of the apparatus rotates in-unison-with 
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or out-of-phase with the drive means. One example 
of reference point 51 is "engine top dead center." 
As known in the art, this is the point on the drive 
pulley where the piston of cylinder No. 1 is at the 
top of its stroke. 

In the embodiment shown in Fig. 10, the vari- 
able transmission contained within second housing 
47 imparts relative rotation between each variable 
cam lobe member 28 and each fixed cam lobe 
member 36. The variable transmission contained 
within housing 46 imparts relative rotation between 
drive pulley 50 and each splittable cam member 21 
comprising variable camlobe member 28 and fixed 
camlobe member 36. 

An alternative embodiment of the present in- 
vention illustrated in Fig. 11 is suitable for use as a 
single camshaft for actuating both intake and ex- 
haust valves of an internal combustion engine. For 
example, the variable cam members could be re- 
sponsible for actuating the intake valves, and the 
fixed cam members could be responsible for ac- 
tuating the exhaust valves or just the opposite 
arrangement could be effected. Hollow shaft 12 
carries at least one fixed cam member 17. An inner 
shaft 16 (not shown) carries at least one variable 
cam member 19 spaced apart from fixed cam 
member 17 carried on hollow shaft 12. A control 
bans and a linking means, as earlier described, are 
contained in a housing 46 such that drive pulley 50 . 
is non-rotatably connected to one of the shafts to 
drive same. 

The embodiment of the present invention illus- 
trated in Fig. 11 can be operated as follows. As the 
drive pulley 50 is driven by an engine, shafts 12 
and 16 are driven by drive pulley 50. However, 
drive pulley 50 is non-rotatably connected to only 
one of the shafts. Moreover, while the shafts are 
linked by the linking means, the control means can 
impart a controlled relative rotation between the 
shafts while the drive means is driving same. Thus, 
as hollow shaft 12 is rotated by the drive means, 
the control means can change the angular relation- 
ship between variable cam member 19 and its 
spaced apart neighboring fixed cam member 1 7 by 
imparting a controlled relative rotation between the 
shaft which carries variable cam member 19 and 
the shaft which carries fixed cam member 17. 

In further accordance with the present inven- 
tion, a method is provided for attaining a desired 
engine performance by changing the angular posi- 
tion of the variable cam member relative to the 
fixed cam member from a first angular position to a 
second angular position. Variable cam member 19 
could be advanced or retarded relative to the direc- 
tion of rotation imparted by the drive pulley 50. The 
direction in which the variable cam member 19 
moves relative to the direction of rotation of drive 
pulley 50 can be made dependent at least in part 



. upon at least one desired operating condition of the 
engine. This can be accomplished by an electronic 
control unit 84 which can be contained within hous- 
ing 46. Similarly, electronic control unit 84 can 
5 determine the magnitude of the movement of the 
variable cam member relative to the fixed cam 
member. This determination can be based at least 
in part upon at least one desired operating con- 
dition of the engine. 

w An alternative embodiment of the present in- 
vention is illustrated in Fig. 12. This embodiment 
differs from the embodiment illustrated in Fig. 11 
by the addition of a second housing 47 which 
contains a second variable transmission (not 

75 shown) of the control means. 

As illustrated in the embodiment shown in Fig. 
7, the first variable transmission of the control 
means imparts controlled relative rotation between 
the shafts and the drive means, and the second 

20 variable transmission of the control means imparts 
relative rotation between the shafts. An arbitrarily 
. chosen point of reference 51 is carried by drive 
pulley 50 to permit gauging of the relative rotation 
between the drive means and the shafts that is 

25 imparted by the first variable transmission con- 
tained within housing 46. In the embodiment shown 
in Fig. 12, the variable transmission contained with- 
in housing 47 imparts relative rotation between 
variable cam member 19 and fixed cam member 

30 17. Accordingly, the second variable transmission 
contained within housing 46 imparts relative rota- 
tion between drive pulley 50 and the two shafts 
which carry, respectively, each variable cam mem- 
ber 19 and each fixed cam member 17. 

35 The embodiment illustrated in Fig. 9 can be 
used to attain a desired engine performance by 
changing the angular position of the variable cam- 
lobe member relative to the fixed camlobe mem- 
ber. Referring to Fig. 3 for example, if the angular 

40 position of the variable camlobe member is at a 
first angular position alpha (a) relative to the fixed 
camlobe member, then this first angular position 
alpha can be changed to a second angular position 
beta (0). This change in angular position can be 

45 effected by the control means as explained above. 

In changing from the first angular position to 
the second angular position, the variable camlobe 
member moves in a predetermined direction rela- 
tive to the first direction of rotation of the camshaft 

so which embodies the apparatus for actuating and 
deactuating at least one of the valves. The pre- 
determined direction in which the variable camlobe 
member moves can be made dependent at least in 
part upon at least one desired operating condition 

55 of the engine. Thus, if a particular operating con- 
dition of the engine is desired, a particular input 
signal can be supplied to the electronic control unit 
84. The electronic control unit 84 then would com- 
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pare the then present operating condition of the 
engine with the desired operating condition of the 
engine, and determine whether to move the vari- 
able camiobe member in the same direction (ad- 
vancing) as the direction of rotation of the camshaft 
or in the opposite direction (retarding) as the direc- 
tion of rotation of the camshaft. This determination 
could also depend upon other factors, such as 
whether the particular splittable. cam member was 
actuating an intake valve or an exhaust valve. 

The magnitude of the change in angular posi- 
tion of the variable camiobe member can be de- 
pendent at least in part upon at least one desired 
operating condition of the engine. Thus, the control 
means can move the variable camiobe member 
over a smaller or larger relative angle with respect 
to the fixed camiobe member depending upon the 
then present operating condition of the engine and 
the desired operating condition. The magnitude of 
the angular movement determines the duration , of 
the particular valve event being actuated by the 
particular splittable cam member comprising the 
variable camiobe member and the fixed camiobe 
member. 

As shown in Figs. 9 and 10, a drive pulley 50 
is schematically represented. Drive pulley 50 com- 
prises, the drive means of the apparatus for actuat- 
ing and deactuating at least one of the valves. 
Furthermore, a second variable transmission of the 
control means is schematically represented in Figs. 
10 and 12 as being housed within a second hous- 
ing 47. In the embodiment illustrated in Fig. 10, 
one of the variable transmissions used to control 
relative movement between the variable camiobe 
member and fixed camiobe member of each split- 
table cam member along the shaft, while the other 
variable transmission is used to control relative 
movement between both camiobe members, vari- 
able and fixed, and the drive means. In the em- 
bodiment illustrated in Fig. 12, one of the variable 
transmissions of the control means controls relative 
movement between the variable cam member and 
the fixed cam member, while the other variable 
transmission is used to control relative movement 
between both cam members, variable and fixed, 
and the drive means. 

All embodiments with splittable cam members 
allow for changing the magnitude of a valve's dwell 
angle. The dwell angle can be defined as the 
angular portion of a 360 * camshaft rotational cycle 
during which the valve is held open. The valve 
opening and closing sequence can be defined also 
in angular terms as angular positions occuring dur- 
ing this rotational cycle. These angular positions 
are determined relative to some arbitrary but con- 
stant rotational reference point such as engine top 
dead center. Adjusting the variable camiobe mem- 
ber changes the opening and/or closing angle and 



allows the magnitude of the valve's dwell angle to 
be changed. When this member is adjusted in the 
embodiments of Figs. 1, 2, and 9, either the valve 
opening or closing angle is changed. The fixed 
5 camiobe member keeps the other of these angles 
the same. 

The embodiments shown in Figs. 1 and 2 can 
be used as one or both of the camshafts used 
within engines having dual camshaft arrangements. 

10 The dwell angle of each valve actuated can be 
varied using splittable cam members. If for exam- 
ple the embodiment of Figs. 1 and 2 is used as the 
intake camshaft on an engine having dual cam- 
shafts, then variable overlap angles can be 

75 achieved by using the variable camiobe members 
to change the intake valve opening angle. In this 
case the closing angle remains unchanged. This 
approach eliminates one of the compromising ef- 
fects associated with the conventional camshaft 

20 phasing approaches. If in the same engine the 
opening angle is held fixed and the closing angle is 
changed, the embodiment can be used to eliminate 
the pumping losses associated with throttled opera- 
tion in spark ignition engines. Changing the intake 

25 valve's closing angle while keeping the opening 
angle the same also serves to vary an engine's 
compression ratio. This can be useful with diesel 
engines to improve cold starting and optimize 
brake specific fuel consumption. The embodiments 

30 could also reduce turbo-lag on turbo-charged en- 
gines. To accomplish this, the exhaust valve is 
opened earlier to permit higher temperature and 
pressure gases to flow into the turbine. The ap- 
plicants believe that the embodiments can also be 

35 used for exhaust gas recirculation control to lower 
emissions levels and for scavenging engines. 

The embodiment shown in Fig. 9 with the split- 
table cam member can be used in engines having 
only one camshaft in the same way the embodi- 

40 ments shown, in Figs. 1 and 2 are used in engines 
having two separate camshafts, one for intake valve 
and another for exhaust valve. If for example the 
intake cam is the splittable cam member, variable- 
overlap angles can be achieved by changing the 

45 intake valve's opening angle with the variable cam- 
lobe member. Thus, the splittable cam member's 
dwell is varied while the other cam member's tim- 
ing events remain unchanged. This embodiment 
allows variable overlap angles to be achieved by 

50 varying the intake valve opening time. It differs 
from the conventional camshaft phasing ap- 
proaches since using the embodiment of the 
present invention permits the intake-valve closing 
angle and the sequence of all exhaust-valve events 

55 to remain unchanged. In other words, the dwell of 
an intake or exhaust valve can be changed with the 
. splittable cam member without changing the se- 
quence of the other.valve's events. 

15 
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The splittable cam member embodiment 
shown in Fig. 10 can be used as one or both of the 
camshafts in engines with dual camshaft arrange- 
ments. This embodiment can be used in the same 
way the embodiments shown in Figs. 1 and 2 are 
used. However, this embodiment allows the added 
flexibility of changing both the valve's opening and 
closing angles. The two variable transmissions of 
the control means render both the variable cam- 
lobe member and the fixed cam lobe member ad- 
justable relative to the drive means. Thus, the valve 
opening and closing angles can be varied indepen- 
dently and the sequence of valve events can be 
optimized for any operating conditions. This allows 
optimization of engine parameters affecting emis- 
sions, economy, and performance on both spark 
ignition and compression ignition engines. 

Thus, in the Fig. 10 embodiment, the dwell 
angle can be changed by changing either the valve 
opening or closing angle of an intake or exhaust 
valve actuated by a splittable cam member. Fur- 
thermore, the valve opening angle can be varied 
independently of the valve closing angle and vice- 
versa. 

The embodiment shown in Fig. 11 is for use in 
engines having only one camshaft. Either an intake 
cam member or an exhaust cam member is. phase 
shifted. Thus, the dwell angle of the valve actuated 
by this cam member remains constant, and phase 
shifting the cam member changes the opening and 
closing angles by the same amount. In this em- 
bodiment, an intake or exhaust cam member ac- 
tuating its respective valve can be phase shifted 
without affecting the opening and closing angles of 
the other valve. This embodiment can be used to 
achieve variable overlap angles on engines with 
single camshaft arrangements. 

The. embodiment shown in Fig. 12 is for use in 
engines having only one camshaft. Both the vari- 
able cam member and the fixed cam member can 
be moved relative to one another and relative to 
the drive means. Thus, the dwell angle for each of 
the cam members remains constant and phase 
shifting the variable cam member changes the 
opening and closing angles of the valve it actuates. 
This embodiment allows for separate phasing ad- 
justments for both the intake and exhaust valves in 
a single camshaft engine. By varying the intake or 
exhaust valve's opening and closing angles, this 
embodiment can be used to achieve variable-over- 
lap angles. 

In accordance with the present invention, a 
i. method is provided for reducing pumping losses 
and improving brake specific fuel consumption for 
an internal combustion engine. The engine has a 
combustion chamber with a piston therein for vary- 
ing the volume of the combustion chamber. An 
induction manifold is disposed between the at- 



mosphere and the combustion chamber. An intake 
valve is disposed between the combustion cham- 
ber and the induction manifold. A camshaft for 
actuating the intake valve comprises a further com- 
5 ponent of the internal combustion engine. 

The method of the present invention comprises 
inducting a charge of fluid into the combustion 
chamber. As embodied herein and shown sche- 
matically in Fig. 8, a charge of fluid is inducted into 

10 a combustion chamber 110 as a piston 112 therein 
moves towards bottom dead center in its stroke 
(indicated in phantom). In a diesel engine, the 
charge of fluid comprises only air, while fuel and 
air comprise the charge of fluid in a spark-ignition 

75 engine. 

In further accordance with thei present inven- 
tion, the intake valve is held open during a portion 
of the compression stroke of the piston. As em- 
bodied herein and shown for example in Fig. 8, the 

20 step of holding an intake valve 114 open can be 
accomplished by adjusting the splittable cam mem- 
ber of a camshaft 1 1 6 formed in accordance with 
the apparatus for actuating an actuation member of 
the present invention. In the embodiment of the 

25 apparatus of the present invention depicted in Figs. 
1-6, the variable camlobe member can be rotated 
relative to the fixed camlobe member in a direction 
opposite to the direction of rotation of the camshaft 
formed by shafts 12, 16. This relative adjustment of 

30 the camlobe members serves to extend the portion 
of the rotational cycle of the camshaft during which 
the splittable cam member is actuating a cam 
follower, such as a rocker arm 118, which is con- 
nected to intake valve 114, as shown in Fig. 6. 

35 In further accordance with the present inven- 
tion, a portion of the inducted charge is expelled 
from the combustion chamber. As embodied here- 
in, the expulsion of a portion of the inducted charge 
is accomplished by the step of holding the intake 

40 valve open during a portion of the compression 
stroke of the piston. Since the intake valve is held 
open, the initial portion of the compression stroke 
forces a portion of the inducted charge from the 
combustion chamber out through the intake valve. 

45 The amount of charge expelled can be controlled 
by the time the valve is held open during the 
stroke. This time depends on the angular displace- 
ment effected between the fixed and variable cam- 
lobe members. 

50 In yet further accordance with the present in- 
vention, the expelled portion of the inducted charge 
is prevented from communicating with the atmo- 
sphere. As embodied herein and shown for exam- 
ple in Fig. 8, the expelled portion of the inducted 

55 charge is prevented from communicating with the 
atmosphere by the provision of a check valve 120. 
The check valve is disposed between an induction 
manifold 122 and the atmosphere and permits flow 
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only in the direction from the atmosphere into the 
induction manifold. Preferably, a reed valve is pro- 
vided as the check valve in the preferred embodi- 
ment of the present invention. . 

In a spark ignition engine, preventing the ex- 5 
pelled air and fuel charge from communicating with 
the atmosphere, conserves fuel in addition to pro- 
viding a supercharging effect. 

In further accordance with the present inven- 
tion, the intake valve is closed during the remain- 10 
der of the compression stroke and after the portion 
of the inducted charge is expelled. As embodied 
herein and again referring to Fig. 8, as the variable 
camlobe member ceases to contact valve rocker 
arm 1 18 of the intake valve, the intake valve closes 75 
under the influence of a biasing device (not 
shown), and the remainder of the compression, 
stroke of the piston (shown in phantom) ceases to 
expel any of the inducted charge from the combus- 
tion chamber. 20 

The brake specific fuel consumption defines an 
engine operating parameter that measures the 
mass rate of flow of fuel into an engine per unit of 
horsepower produced by the engine. It is con- 
templated that the method and apparatus of the 25 
present invention can provide improvements in 
brake specific fuel consumption. These improve- 
ments should be greatest at low speeds and light 
loads because under these conditions the pumping 
losses associated with throttled operation are the 30 
highest for a conventional camshaft arrangement. 

Diesel engines require high compression ratios 
to facilitate their cold starting capability. However, 
optimum brake specific fuel consumption requires 
somewhat lower compression ratios than required 35 
for cold starting. The apparatus and method of the 
present invention facilitate closing the intake valves 
later in the compression stroke of the piston to 
allow the initiation of the compression process to 
be delayed. The effect of maintaining the valves in 40 
the open position longer is to shorten the effective 
compression stroke and thereby reduce the com- 
pression ratio. Thus, the apparatus and method of 
the present invention permit compression ratios to 
be optimized to provide a high compression ratio 45 
for cold starting a diesel engine and a lower com- 
pression ratio for better fuel economy of the diesel 
engine after it warms up. The invention also pro- 
vides for control of the engine's variable compres- 
sion ratio for any desirable operating condition. so 

The present invention permits variation in the 
intake valve opening and closing times of an inter- 
nal combustion engine to optimize that engine's 
performance for all engine speeds and loads. The 
apparatus and method of the present invention also 55 
are applicable to control the scheduling of exhaust 
valve timing events of an internal combustion en- 
gine. 



It will be apparent to those skilled in the art that 
various modifications and variations can be made 
in the apparatus and method of the present inven- 
tion without departing from the scope or spirit of 
the invention. For example, the invention can be 
applied to achieve the advantages afforded by vari- 
able valve timing described above. Thus, it is in- 
tended that the present invention cover the modi- 
fications and variation of this invention provided 
they come within the scope of the appended 
claims and their equivalents. 

Claims 

1. A method of reducing pumping losses and 
improving brake specific fuel consumption for 
an internal combustion engine, the engine hav- 
ing a combustion chamber with a piston there- 
in for varying the volume of same, an induction 
manifold disposed between the atmosphere 
and the combustion chamber, an intake valve 
disposed between the combustion chamber 
and the induction manifold, and a camshaft 
having a splittable cam member with camlobe 
members for actuating the intake valve, the 
method comprising: 

inducting a charge of fluid into the com- 
bustion chamber; 

holding the intake valve open during a 
portion of the compression stroke of the piston; 

expelling a portion of the inducted charge 
from the combustion chamber; 

preventing the expelled portion of the in- 
ducted charge from communicating with the 
atmosphere; and 

closing the intake valve during the remain- 
der, of the compression stroke and after the 
portion of the inducted charge is expelled. 

2. A method as in claim 1, wherein: 

the step of holding the intake valve open 
during a portion of the compression stroke of 
the piston is accomplished by adjusting the 
camlobe members of the camshaft to extend 
the portion of the rotational cycle of the cam- 
shaft during which the splittable cam member 
is actuating the intake valve to open same. 

3. A method as in claim 1, wherein: 

the step of preventing the expelled portion 
of the inducted charge from communicating 
with the atmosphere is accomplished by dis- 
posing a check valve between the induction 
manifold and the atmosphere so that the check 
valve only permits flow in the direction from 
the atmosphere into the induction manifold. 
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A method as in claim 3, wherein: 

the step of adjusting the camlobe mem- 
bers includes rotating one of a pair of camlobe 
members arranged side by side along the 
camshaft, in a direction opposite to the direc- 
tion of rotation of the camshaft to extend the 
time during each rotation of the camshaft, that 
at least one of the camlobe members engages 
the intake valve to cause same to remain open. 
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